primary fatty acids and the cytosolic ACCase is involved in biosynthesis of long chain fatty acids. The homomeric ACCase in the cytosol of nearly all plant species and the heteromeric ACCase in the chloroplasts of dicots are insensitive to APP, CHD, and pinoxaden herbicides. In contrast, the plastidic homomeric ACCase in nearly all grass species is herbicide sensitive, and this is the basis for selective control of grass weeds by ACCase herbicides. All ACCase isoforms contain three catalytic domains: the biotin carboxyl carrier, the biotin carboxylase, and the carboxyl transferase (CT) domains (Nikolau et al., 2003) . Molecular and biochemical studies have clearly established that the CT domain of the plastidic homomeric ACCase is the primary target site for APP and CHD herbicides, and two regions of the CT domain of the plastidic ACCase are critical for sensitivity to these herbicides for review, see Délye, 2005) .
The obligate cross-pollinated grass weed Lolium rigidum has demonstrated in Australia an ability to rapidly evolve resistance to ACCase herbicides and other herbicide groups. Within a few years of initial ACCase herbicide use (1978) , the first ACCase herbicide-resistant L. rigidum population was evident (Heap and Knight, 1986) . Since then, ACCase herbicide-resistant L. rigidum populations have evolved across huge areas of Australian croplands (Llewellyn and Powles, 2001; Owen et al., 2007) . The biochemical basis of ACCase herbicide resistance has been revealed in several populations to involve resistant ACCase (Matthews et al., 1990; Holtum et al., 1991; Tardif et al., 1993 Tardif et al., , 1996 . Many resistant populations can also have a nontarget site-based resistance mechanism of enhanced rates of ACCase herbicide metabolism (Tardif and Powles, 1994; Preston et al., 1996; Preston and Powles, 1998) . L. rigidum is an obligate cross-pollinated plant and it is emphasized that individual plants and populations can accumulate resistance mechanisms.
Recently, we have identified molecular mutations in the ACCase gene endowing target site based herbicide resistance in some ACCase herbicide-resistant L. rigidum populations. We have identified mutations causing resistance-endowing amino acid substitutions at amino acids 1781 and 2041 Powles, 2006a, 2006b ). Both of these amino acid substitutions have been previously identified to endow ACCase herbicide resistance in studies by others. Thus far, six distinct amino acid substitutions in the CT domain of the plastidic ACCase gene that individually endow resistance to certain ACCase herbicides have been characterized in Alopecurus myosuroides and other grass weed species, as reviewed by Délye et al. (2005) and updated in Table I . Specific ACCase mutations confer specific cross-resistance patterns to ACCase herbicides (for review, see Délye, 2005) . The Ile-1781-Leu mutation is associated with resistance to APP and some CHD herbicides (not including clethodim). The Trp-2027-Cys, Ile-2041-Asn, or Gly-2096-Ala mutations confer resistance only to APP herbicides. The Asp-2078-Gly mutation confers resistance to many APP and CHD herbicides including clethodim. The Trp-1999-Cys mutation confers resistance only to the APP herbicide fenoxaprop (Liu et al., 2007) .
Despite widespread resistance to certain ACCase herbicides, our 1998 survey across 300 western Australian crop fields confirmed that the CHD herbicide clethodim was still effective on many otherwise ACCase herbicide-resistant L. rigidum populations (Llewellyn and Powles, 2001) . Five years later, however, our random survey of 452 ryegrass populations from the same region revealed clethodim resistance to be present in 8% of these populations (Owen et al., 2007) . Thus far, the Asp-2078-Gly mutation in the plastidic ACCase enzyme is the only known mutation endowing clethodim resistance (Délye et al., 2005) . As L. rigidum is a highly genetically variable species we expect that all possible herbicide resistanceendowing mechanisms can be present and enriched in large populations of this species under herbicide selection (Powles and Matthews, 1992) . Thus, we expect that a number of different mutations endowing ACCase herbicide resistance (Table I) could be enriched both within and between different resistant populations. Our hypothesis tested here is that field evolved ACCase herbicide-resistant L. rigidum populations would be comprised of individuals carrying a diverse range of resistance-endowing mutations and that individuals would be heterozygous or homozygous for one or any two possible combinations of different mutations. To examine this in depth we selected 12 clethodim-resistant Australian L. rigidum populations, together with two resistant Italian Lolium populations. We reveal diversity and complexity in ACCase mutations in this weed species. We identify five ACCase mutations and reveal 12 combination patterns of mutant alleles (genotypes) from these 14 clethodimresistant Lolium populations. We demonstrate that a new mutation, Cys-2088-Arg, and the known mutations, Ile-1781-Leu and Asp-2078-Gly, endow resistance to clethodim and other ACCase herbicides. We establish and emphasize that the specific mutation, the homo/heterozygous status of a plant for a specific mutation, and combinations of different resistant alleles plus herbicide rates are all important in contributing to the overall level of herbicide resistance. In addition, we developed (derived) cleaved amplified polymorphic sequence ([d]CAPS) markers for the 2041, 2078, and 2088 mutations to enable rapid detection of these mutations in the Lolium populations.
RESULTS

ACCase Mutations Revealed in Clethodim-Resistant Lolium Populations
At least six clethodim-resistant individuals from each clethodim-resistant population were initially sequenced. Subsequently, a total of 124 individual plants were sequenced from 12 clethodim-resistant Australian L. rigidum populations and two Italian Lolium populations. Using three overlapping primer pairs (Table II) , we were able to amplify three regions containing all known potential ACCase mutation sites (Délye and Michel, 2005) in the CT domain of the plastidic ACCase genes. A contig of 1,513 bp was clearly identified and assembled from sequence results of all individual resistant and susceptible (bulked) plants. When compared with other ACCase gene sequences in GenBank, this assembled contig showed 99% identity with the plastidic ACCase gene from L. rigidum (accession no. AY995232) and Lolium multiflorum (AY710293), 95% identity with Avena fatua (AF231335), 93% identity with A. myosuroides (AJ310767) and Phalaris minor (AY196481), and 91% with wheat (Triticum aestivum; AF029895). However, only 77% and 76% identity was shared with cytosolic ACCase genes of A. myosuroides (AJ632096) and wheat (U39321), respectively. Sequence comparison between individual resistant plants from each population and two susceptible populations revealed four mutations previously established to endow ACCase herbicide resistance (Table  III) : Ile-1781-Leu (referred to as 1781-Leu), Trp-2027 -Cys (2027 , Ile-2041 -Asn (2041 , and Asp-2078 -Gly (2078 . In addition, a new mutation of Cys-2088-Arg (2088-Arg) was also detected in five populations (sequences have been deposited in GenBank with accession numbers EF538937-EF538943). Sequence alignment of 1,513 bp contigs from susceptible controls and resistant plants containing the 2088 mutation revealed 18 synonymous single nucleotide polymorphisms (SNPs) and 10 nonsynonymous SNPs. Among the 10 nonsynonymous SNPs, only the SNP at 2088 differs between resistant and susceptible sequences (Table IV) . In addition, the sequence results containing the Cys to Arg mutation were also validated by restriction analysis (CAPS; see ''Materials and Methods''). Therefore, the mutation Cys to Arg at position 2088 is very likely a newly identified mutation endowing resistance to ACCase herbicides (including clethodim).
Combination Patterns of ACCase Mutant Alleles Endowing Clethodim Resistance
To facilitate quick and accurate identification of mutant ACCase alleles, we used a published CAPS/ dCAPS marker for the 1781 allele and developed dCAPS markers for 2041, 2078, and 2088 alleles (see ''Materials and Methods''). Marker analysis for the 2027 allele was not developed in this study due to limited numbers of clethodim survivors carrying the mutation. Among 14 clethodim-resistant populations tested, the mutant 2078-Gly allele(s) was found in clethodim survivors from 12 populations and 1781-Leu from 10 populations, while mutant 2088-Arg or 2041-Asn alleles were identified in five populations, and 2027-Cys only in one population (Table III) . Clearly, clethodim resistance can be related to one or more of several specific mutant alleles.
We found that at least two types of mutant ACCase alleles were present in most populations except for some populations (R 5 , R 7 , and R 12 ) in which only one type of mutant allele was detected (Table III) were also found to be associated with clethodim resistance. This is intriguing and worth further attention (see ''Discussion'').
In Vitro Inhibition of ACCase Activity by ACCase Herbicides
ACCase assays were conducted to confirm that different mutations/combinations of mutant alleles displayed resistant ACCase. Thus, ACCase was partially purified from plants homozygous for the 1781-Leu, 2078-Gly, or 2088-Arg alleles and from plants with two different mutant alleles (1781-Leu/2027-Cys or 1781-Leu/2041-Asn alleles). ACCase activity was evaluated in the presence of clethodim or other ACCase herbicides. Figure 1 shows that, as expected, ACCase from plants with mutant alleles was significantly less inhibited by APP herbicides (diclofop and haloxyfop acid) or CHD herbicides (clethodim or tralkoxydim). The herbicide concentration causing 50% inhibition of ACCase activity (I 50 ) was determined for each herbicide and each genotype, to give a resistant/susceptible (R/S) ratio (Table V) . High level resistance to ACCase herbicides was found for ACCase from homozygous 2078 or 2088 mutants (with the R/S ratio ranging from 32-75). Clear but lower level resistance was found for ACCase from homozygous 1781 mutants (R/S ratio from 6-17). A 7-to 13-fold resistance to clethodim was also observed for ACCase from mutant genotypes of 1781-Leu/2027-Cys and 1781-Leu/2041-Asn ( Fig. 1 ; Table V ). Clearly, different ACCase mutations/combinations can endow different levels and patterns of ACCase herbicide resistance.
It is notable that we consistently observed that specific ACCase activity (in the absence of herbicides) was lower in extracts from plants homozygous for the 2078 or 2088 mutant allele (three resistant populations) compared to that from plants homozygous for the wild-type allele (Table VI) . Conversely, ACCase activity in extracts from plants homozygous for the 1781 mutant allele or plants of other genotypes (1781/2027 or 1781/2041) was not significantly different from that of susceptible controls (Table VI) . These results were obtained by carefully conducted experiments in which protein concentration in the assay mixture was normalized for each genotype, and by using two susceptible controls.
Genotyping Resistant Populations for the 1781 or 2078 Mutant Alleles Using dCAPS Markers
A published dCAPS marker (Kaundun and Windass, 2006) was tested for suitability for genotyping Lolium populations under our modified PCR conditions. For a total of 84 samples of known genotypes tested, the accuracy was .97%. This dCAPS marker was, therefore, employed to genotype the clethodim-resistant population R 7 (n 5 40). Remarkably, all plants in this population were homozygous for the resistant 1781-Leu (3)  3 1781-Leu/2041-Asn R 8 (1), R 9 (1), R 10 (4), R 11 (1) 4 2078-Gly/2078-Gly R 1 (4), R 5 (6), R 9 (1), R 11 (4), R 12 (11), R 14 (1) 5 2078-Gly/2078-Asp* R 3 (2), R 4 (1), R 9 (2), R 13 (2), R 14 (2) 6 2078-Gly/1781-Leu R 1 (3), R 4 (1), R 6 (4), R 8 (1), R 9 (3), R 11 (1), R 14 (1) 7 2078-Gly/2041-Asn R 9 (2) 8 2088-Arg/2088-Arg R 2 (1), R 3 (2), R 4 (3), R 13 (10), R 14 (8) 9 2088-Arg/2088-Cys* R 14 (2) 10 2088-Arg/1781-Leu R 2 (2) 11 2088-Arg /2041-Asn R 4 (1) 12
2088-Arg/2078-Gly R 2 (1), R 3 (2), R 14 (1) Therefore, the specific mutation, homozygosity versus heterozygosity, and the rate of herbicide used in testing for resistance are all important in determining the level of resistance in an individual or population. We developed a dCAPS marker for detection of the mutant 2078-Gly allele ( Fig. 2 ; see ''Materials and Methods'') in Lolium populations. The robustness and accuracy of this marker was tested with a total of 120 samples of known genotypes from across 14 resistant Lolium populations and the results obtained matched sequencing results by .98%. This dCAPS marker was therefore used to genotype the clethodim-resistant population R 12 (n 5 45). Genotype frequencies were found to be 0.60 for homozygous-resistant 2078-Gly individuals, 0.02 for homozygous susceptible 2078-Asp individuals, and 0.38 for heterozygous individuals. The heterozygous individuals were further analyzed by the 1781 dCAPS marker and it was found that all heterozygous individuals for the resistant 2078 allele also contained one resistant 1781 allele. Therefore, at the commercial herbicide use rate, 98% of the population was found to be clethodim resistant.
A CAPS marker for the 2088 mutation was designed and tested against known genotypes. However, this marker is not ideal for large-scale genotyping due to the cost limitation of an expensive restriction enzyme.
Dose Response to Clethodim and Cross Resistance to Other ACCase Herbicides at the Whole Plant Level
Purified populations with plants homozygous for the mutant resistant 1781, 2078, or 2088 alleles were used to determine their clethodim resistance levels. As shown in Figure 3 , the susceptible population (S 1 ) was killed at 7.5 g clethodim ha 21 or higher. In contrast, homozygous-resistant plants were markedly less affected by clethodim, requiring a high rate (240 g ha 21 ) for substantial mortality. The clethodim rate causing 50% mortality (LD 50 ) for the susceptible population S 1 was 4.4 6 0.43 g ha 21 versus 98 6 1.68, 105 6 0.23, and 115 6 0.45 for the homozygous-resistant populations containing the mutant resistant 1781, 2078, or 2088 alleles, respectively. Therefore, based on the R/S LD 50 ratio, the homozygous-resistant populations are more than 20-fold resistant to clethodim at the whole plant level. Clearly, plants homozygous for the mutant resistant 1781, 2078, or 2088 alleles are all resistant to clethodim at the commercial Australian field rate. Cross resistance pattern to other ACCase herbicides was also determined. As shown in Table VII , at field or higher rates, plants homozygous for the mutant resistant 1781, 2078, or 2088 alleles were resistant to APP herbicides clodinafop, diclofop, fluazifop, and haloxyfop, CHD herbicides sethoxydim and tralkoxydim, and the phenylpyrazolin herbicide pinoxaden. About 50%, 70%, and 87% of plants homozygous for the mutant resistant 1781, 2088, or 2078 alleles, respectively, were cross resistant to the CHD herbicide butroxydim (Table VII) . Until now, the Asp-2078-Gly substitution has been the only ACCase mutation known to endow clethodim resistance and only reported in A. myosuroides (Délye et al., 2005) . Here, we identified this Asp-2078-Gly mutation present in individuals within 12 of 14 (86%) clethodim-resistant Lolium populations examined (Table III), indicating that this mutation is relatively commonly associated with clethodim resistance. We confirmed that this Asp-2078-Gly substitution results in an ACCase enzyme resistant to clethodim and the other ACCase herbicides tested ( Fig. 1 ; Table V ). The level of resistance conferred by the Asp-2078-Gly mutation at the enzyme level in Lolium (Table V) was found to be similar to the level of resistance confirmed by this mutation in A. myosuroides (Délye et al., 2005) . The purified population (R 12 P) consisting of individuals homozygous for the mutant 2078-Gly allele was 24-fold more resistant to clethodim than the susceptible population (Fig. 3) , and found to be cross resistant to all the APP and CHD herbicides tested, as well as the phenylpyrazolin herbicide pinoxaden (Table  VII) . Therefore, we conclude that the Asp-2078-Gly substitution endows resistance in Lolium to clethodim and the other ACCase herbicides tested. 
Substitution of Amino Acid Cys-2088-Arg Endowing Resistance to Clethodim and Other ACCase Herbicides in Lolium Populations
Notably, in this study we have identified and characterized a new ACCase mutation, a Cys to Arg substitution at position 2088, in five resistant Lolium populations (Tables III and IV) . This mutation confers an ACCase herbicide resistance profile (determined at the enzyme and whole plant level) similar to the Asp-2078-Gly mutation (Tables V and VII; Figs. 1 and 3) . We, therefore, conclude that this Cys-2088-Arg mutation confers resistance to clethodim and other ACCase herbicides. In fact, the amino acid residue at position 2088 was largely conserved as Cys among 28 grass species putatively susceptible to ACCase herbicides, with only a few species displaying Phe at this position (Fig. 4) . Using ACCase three-dimensional models derived from the structure of the yeast (Saccharomyces cerevisiae) CT-APP complex, Délye et al. (2005) assessed the consequences of various amino acid substitutions identified in A. myosuroides, and predicted that a region including amino acids 2027 to 2096 may contain more unknown amino acid residues involved in sensitivity to ACCase herbicides. Our finding supports this hypothesis. Plants homozygous for the mutant 2088 allele survived the field or higher rate of clethodim (60-120 g ha 21 ; Fig. 3 ). However, only two individuals (from population R 14 ) heterozygous for this mutation survived the commercial field rate (60 g ha 21 ) of clethodim (Table III, group 9) . This indicates the strong interaction between the specific resistanceendowing mutation, homozygosity versus heterozygosity of this mutation, and the rate of herbicide use. These results show that homozygous and heterozygous plants have different levels of resistance and that the resistant 2088 allele is incompletely dominant above the field rate of clethodim. The same 2078-Gly and 2088-Arg mutations were reported in A. fatua by Christoffers et al. (2000) in their preliminary studies, and proposed as being responsible for low level clethodim resistance (below the field rate of 140 g ha 21 in U.S.; Christoffers et al., 2005) .
Combination of Two Mutant 1781 Alleles Endowing Resistance to Clethodim and Other ACCase Herbicides in Lolium Populations
In addition to mutant 2078 and 2088 alleles, the mutant 1781-Leu allele was found in many individuals within most (71%) of the clethodim-resistant populations, usually in combination with another mutant allele of the same or different type ( Table   Figure 3 . Clethodim dose response of the known susceptible population S 1 (wild type, d) and purified homozygous-resistant populations R 7 P (1781-Leu, )), R 12 P (2078-Gly, n), and R 14 P (2088-Arg, ,). Data for the susceptible population S 1 were pooled from two experiments and data for the purified populations was each from a single experiment. III). Plants homozygous for the mutant 1781-Leu allele were able to survive clethodim at the field rate, whereas heterozygous plants could not survive this rate. The homozygous-resistant genotype (1781-Leu/1781-Leu) was detected in four populations (Table III) and its resistance to clethodim was confirmed by an ACCase in vitro assay in which a moderate level of resistance (17-fold) was observed (Table VI) . This genotype was found to be equally resistant to clethodim at the whole plant level, as compared to plants homozygous for the mutant 2078 or 2088 alleles (Fig. 3) . In addition, this genotype was found to be cross resistant to APP herbicides clodinafop, diclofop, fluazifop, and haloxyfop, CHD herbicides sethoxydim and tralkoxydim, and the phenylpyrazolin herbicide pinoxaden (Table VIII) . Therefore, resistance at field clethodim rates requires homozygosity of plants for the mutant 1781 alleles. Remarkably, one field evolved clethodim-resistant population (R 7 ) was found to be 100% homozygous for the 1781 mutant alleles.
Combination of Mutant 1781/2027 or 1781/2041 Alleles Endowing Clethodim Resistance in Lolium Populations
In this study with field evolved resistant Lolium populations, we reveal 12 patterns of mutant ACCase allele combinations endowing ACCase herbicide resistance (Table III) . This is to be expected in this highly genetically diverse, obligate cross-pollinated Lolium. Within a large herbicide-treated field, Lolium individuals homo/heterozygous for different specific mutations of ACCase survive herbicide treatment, and in the absence of (killed) susceptible individuals, crosspollination occurs among resistant survivors. What emerges are resistant populations comprised of individuals containing diverse ACCase mutations (a maximum of two). As expected, the genotype groups 4 to 12 would confer clethodim resistance (Table III) alleles were found to confer clethodim resistance in Lolium at the field rate (Table III) . This was also confirmed at the ACCase enzyme level with an I 50 R/S ratio of 7 and 13 ( Fig. 1 In studies with resistant A. myosuroides and L. rigidum populations from France, neither heterozygous nor homozygous mutants of 1781-Leu were found to be resistant to clethodim, haloxyfop, or clodinafop, and the genotype 1781-Leu/2041-Asn was not found to be resistant to clethodim in a seed germination assay (Délye et al., 2002b (Délye et al., , 2005 . Conversely, in a recent study in Avena sterilis, 2027-Cys and 2041-Asn mutations were found to be associated with resistance to the CHD herbicides tralkoxydim and sethoxydim, respectively (Liu et al., 2007) . Similarly, the 2041-Asn mutation in Phalaris paradoxa was found to confer resistance to most CHD herbicides with a lower level resistance to clethodim (Hochberg et al., 2007) . These discrepancies in the cross-resistance pattern endowed by a specific ACCase mutation are likely due to difference in plant species, methods of testing herbicide sensitivity, and/or especially herbicide rates used to discriminate between resistant and susceptible individuals. For example, in seed germination assay, germinating seedlings are exposed continuously to the herbicide, which is quite different from the field-simulating herbicide spray treatment used in our research. Therefore, it is possible that A. myosuroides plants containing 2027 or 2041 mutant alleles could survive field rates of CHD herbicides (Délye, 2005) .
In assessing herbicide resistance there is often insufficient attention paid to the importance of the rate of herbicide used. Herbicide rate is a potent factor in resistance evolution. Where selection occurs at a high herbicide rate, only individuals endowed with relatively strong resistance mechanisms survive. Conversely, selection at a lower herbicide rate enables survival of both individuals with strong resistance mechanisms and individuals with weaker resistance mechanisms (Neve and Powles, 2005) . At the relatively low field rate of clethodim (60 g ha 21 used in Australia, compared with .140 g/ha in North America and Europe), Lolium plants with certain ACCase mutations can survive. The survival of individuals carrying weaker ACCase mutations is dependent on the rate of herbicide used and whether the individuals are homozygous or heterozygous for the particular resistance mutation. A particular herbicide dose can be lethal to heterozygous individuals, whereas homozygous individuals survive. This is evident for 1781-Leu alleles in relation to clethodim resistance in Lolium species. In this study, the resistant 1781-Leu allele was detected in many of the clethodim-resistant populations tested. However, heterozygous individuals do not survive clethodim resistance at the field rate, whereas homozygous mutant individuals do (Table  III) . Indeed, different levels of resistance conferred by one or two resistant 1781 alleles have been demonstrated in a L. rigidum population in relation to resistance to the ACCase herbicide fenoxaprop (Tal and Rubin, 2004) .
Taken together, we have revealed that 12 field evolved clethodim-resistant Lolium populations have the resistant 2078 mutation and five populations have the resistant 2088 mutation, and these two mutations endow a sufficient level of resistance to clethodim and other ACCase herbicides. We found 12 combination patterns of mutant alleles are present in Lolium populations in relation to clethodim resistance. Additionally, we have established that resistance mutation at 1781, 2027, or 2041 can also confer clethodim resistance under certain conditions. Therefore, clethodim resistance was found to be determined by the specific mutation, homo/heterozygous status of plants for a specific mutation, and combinations of different resistant alleles. This diversity and complexity should be recognized.
In this research, we have not examined for any nontarget site-based clethodim resistance mechanism in these populations. However, we know that multiple resistance mechanisms (target site and nontarget site based) can be simultaneously expressed in individual plants of genetically diverse, cross-pollinated L. rigidum (Tardif and Powles, 1994; Yu et al., 2007) .
ACCase Activity Associated with Specific ACCase Mutations/Genotypes
It was found in this study that plants homozygous for the resistant allele 2088 or 2078 showed lower ACCase specific activity (Table VI) . Low ACCase activity was also observed in A. myosuroides for resistant alleles 2027-Cys and 2078-Gly (Délye et al., 2005) . Low ACCase activity indicates that these residues are important for CT catalytic activity and these amino acid substitutions, although conferring herbicide resistance, may reduce enzyme catalytic activity and impose a fitness penalty at the whole plant level. From the three-dimensional models of A. myosuroides CT-herbicide complexes reconstructed from yeast, it was indicated that 2027 and 2078 mutations did not directly interfere with herbicide binding; instead, they may change the three-dimensional shape of the cavity of the CT active site by inducing a number of small allosteric changes (Délye et al., 2005) . We intend to examine whether this low enzyme activity associated with the 2078 or 2088 mutation (Table VI) has consequences for ecological fitness of resistant plants. For resistance to acetolactate synthase-inhibiting herbicides certain acetolactate synthase gene mutations cause fitness penalties (Roux et al., 2004; Tardif et al., 2006) . Table VI indicates this may also be the case for particular resistant mutant ACCase alleles. We have demonstrated that the 1781 mutation does not result in lower ACCase activity (Table VI) and our fitness studies in one Lolium population containing the 1781 mutation showed no, or negligible, resistance fitness cost (Vila-Aiub et al., 2005a, 2005b ). However, a fitness penalty was detected in A. myosuroides in association with the 2078 mutation (Délye et al., 2007) . On the basis of the lower ACCase activity in Lolium plants with the 2088 or 2078 mutation (Table  VI) we speculate that plants carrying these mutations may suffer a fitness penalty. Since clethodim resistance in our Lolium populations largely involved mutations at 1781, 2041, 2078, and 2088 (Table III) , we have developed CAPS/dCAPS markers for each of the mutations, and these markers will be of use in fitness studies.
In summary, we have identified five ACCase mutations (1781 -Leu, 2027 -Cys, 2041 -Asn, 2078 -Gly, and 2088 and revealed 12 genotypes in 14 clethodimresistant Lolium populations. We established that the mutation 2078-Gly or 2088-Arg confers sufficient level of resistance to clethodim and other ACCase herbicides. In addition, other mutations (especially 1781-Leu) also confer clethodim resistance if plants are homozygous for this mutation or in combination with 2027-Cys or 2041-Asn. This is very important because the 1781 mutation is a relatively common mutation in Lolium populations. Thus, we have established that resistance to ACCase herbicides depends on the specific resistant allele(s), the homo/heterozygous status of plants for the specific resistant allele(s), and combinations of different resistant alleles plus herbicide rates are all important. To fully understand resistance, knowledge of all these factors is essential.
MATERIALS AND METHODS
Plant Materials
Several Lolium rigidum populations resistant to clethodim were identified during herbicide screening in a large random survey across the western Australian wheat (Triticum aestivum) belt (Owen et al., 2007 clethodim. This rate killed all the plants in susceptible populations. Individual survivors from resistant populations were used for subsequent molecular and biochemical analysis.
Sequencing of the Plastidic ACCase Gene CT Domain
Shoot material of individual survivors from resistant populations was used for DNA extraction. Bulked shoot material from two susceptible populations without herbicide treatment was used as a control. Genomic DNA was extracted from shoot tissues using a Nucleon Phytopure DNA extraction kit (Amersham Biosciences). Primers were used or designed to amplify regions in the CT domain known to be involved in sensitivity to ACCase herbicides (Délye and Michel, 2005) . Plastidic ACCase sequences used for the primer design were from L. rigidium (GenBank accession numbers are AF359516, AY995225, AY995232, AY995233, DQ184633, DQ184640, and DQ184646), Lolium multiflorum (AY710293), and Alopecurus myosuroides (AJ310767). Cytosolic ACCase sequences were from A. myosuroides (AJ632096) and wheat (U39321). Because of the high level of similarity between plastidic and cytosolic ACCase DNA sequences (about 74%), when designing primers, particular attention was given to consensus sequences of plastidic and cytosolic ACCase sequences, and each primer contained at least one specific nucleotide at the 3# end to discriminate plastidic and cytosolic sequences. The primer pair ACCF5/ACCR5 from Délye et al. (2002b) was used to amplify a 785-bp region of the plastidic ACCase gene containing codon 1781 (Table II) . The primer pair ACCF1/ACCR1 was designed to amplify a 492-bp region containing codons 2027, 2041, 2078, 2088, and 2096 (Table II) . The primer pair ACCF6/ACCR6 was designed to amplify a 484-bp region bridging the above mentioned two regions. The PCR was conducted in a 25 mL volume that consisted of about 300 ng of genomic DNA, 0.5 mM of each primer, and 12.5 mL of 23 GoTaq Green Master mix (Promega). The PCR was run in a Mastercycler (Eppendorf) with the following profile: 94°C 4 min, 35 cycles of 94°C 30 s, 62°C 30 s, and 72°C 30 s, followed by a final extension step of 5 min at 72°C. The PCR product was directly purified or purified from agarose gel with Wizard SV gel and PCR Clean-up system (Promega), and sequenced from both ends with the AB-Big Dye Terminator system using a commercial sequencing service. At lease six survivors from each clethodim-resistant population were sequenced. All sequences were visually checked with chromatogram files and assembled and aligned using the DNAMAN software. Heterozygous individuals were recognized by double peaks at the same position in nucleotide chromatograms of both forward and reverse sequencing. Heterozygosity at position 2041, 2078, or 2088 was also further verified by using CAPS or dCAPS analysis (see below).
CAPS Analysis
The nucleotide T to A mutation at codon 2041 in the plastidic ACCase gene, causing an amino acid Ile to Asn change, removes an EcoRI restriction site (Table VIII) . Sequence results showed no other SNPs around the restriction site. Thus, we used the primer pair ACCF1/ACCR1 (Table II) The nucleotide T to C mutation at codon 2088, causing an amino acid Cys to Arg substitution, creates an Eco47III restriction site (Table VIII) . Sequence results revealed no other SNPs around this restriction site. Therefore, the same primer pair ACCF1/ACCR1 (Table II) 
dCAPS Analysis
A dCAPS marker for the 2078 mutation (Asp to Gly) was developed in this research to facilitate rapid and accurate identification of mutant 2078-Gly alleles. A 31-bp reversed dCAPS primer EcoRV2078r was designed (Table II) using the dCAPS Finder 2.0 software (Neff et al., 1998 ) based on highly conserved sequences around and especially toward the 3# end of the 2078 codon of all sequenced plants. An A:G mismatch was introduced in the reverse primer to create a restriction site for EcoRV in the susceptible sequence (Table II) . The primer pair ACCF1/EcoRV2078r (Table II) (Fig. 2) . Individuals with both susceptible and resistant alleles would have a combination of two resolvable bands (Fig. 2) .
The published dCAPS marker for the 1781 mutation (Ile to Leu; Kaundun and Windass, 2006) was used with primer pair NsiII1781f/NsiI1781r (Table II) with modified PCR conditions as described for sequencing.
In Vitro Inhibition of ACCase Activity by ACCase Herbicides
Individual clethodim survivors containing two mutant 1781, 2078, or 2088 alleles, and individual survivors containing two types of mutant alleles (1781-Leu/2027-Cys or 1781-Leu/2041-Asn) were identified by marker analyses and sequencing. These plants were transplanted, fertilized, and maintained in a glasshouse at 20°C/15°C day/night temperature. Shoot tissue of each genotype was harvested, snap frozen in liquid nitrogen, and immediately used for the enzyme assay. Herbicide susceptible plants from population S 1 or S 2 at the same developmental stage were used as controls. ACCase extraction and partial purification and enzyme inhibition by ACCase herbicides were performed as described (Yu et al., 2004) . Two subsamples from each extraction were assayed and there were at least two extractions per population per herbicide treatment.
Response of Purified Resistant Populations to ACCase Herbicides at the Whole Plant Level
Three purified populations were obtained by bulk cross-pollinating at least six plants homozygous for the mutant 1781, 2078, or 2088 alleles. Mutant 1781, 2078, or 2088 alleles were therefore purified and fixed in three subpopulations R 7 P, M 12 P, and R 14 P, respectively. Seeds of purified populations were germinated on 0.6% agar-solidified water for 7 d. Germinated seedlings were transplanted to plastic pots (20-25 seedlings per pot) or trays (40-50 seedlings per tray) containing potting mix and were kept in naturally illuminated glasshouses at 25°C/15°C day/night temperature. Seedlings in pots were treated at the two to three leaf stage with rates of clethodim (0, 0.94, 1.88, 3.75, 7.5, and 15 g ha 21 for the susceptible population S 1 ; 0, 15, 30, 60, 120, 240, and 480 g ha 21 for purified resistant populations) using a cabinet sprayer and each treatment contained three replicates. Seedlings in trays were sprayed with a number of other ACCase herbicides at a rate known to control susceptible plants (see Table VII ). Herbicides were applied as commercial formulations plus adjuvant as required, using a cabinet sprayer. Plants were returned to the glasshouse after treatment and the mortality was recorded 21 d after herbicide application. Plants were recorded as alive if they had strongly tillered since herbicide application.
Statistical Analysis
The herbicide concentration causing 50% inhibition of enzyme activity (I 50 ), or the herbicide rate causing 50% mortality (LD 50 ), was estimated by nonlinear regression using the logistic model (Seefeldt et al., 1995) :
where C 5 lower limit, D 5 upper limit, ED 50 5 dose giving 50% response, and b 5 slope around ED 50 . Estimates were obtained using the Sigmaplot software (version 8.02, SPSS) . A t test (P 5 0.05) was used to test significance of the regression parameters. Analysis of variance was performed by ANOVA and significant differences in ACCase specific activities among genotypes in the absence of inhibitor herbicides were determined by the LSD test.
